* S Supporting Information ABSTRACT: Semiconductor nanowires could significantly boost the functionality and performance of future electronics, light-emitting diodes, and solar cells. However, realizing this potential requires growth methods that enable highthroughput and low-cost production of nanowires with controlled doping. Aerotaxy is an aerosol-based method with extremely high growth rate that does not require a growth substrate, allowing mass-production of high-quality nanowires at a low cost. So far, pn-junctions, a crucial element of solar cells and light-emitting diodes, have not been realized by Aerotaxy growth. Here we report a further development of the Aerotaxy method and demonstrate the growth of GaAs nanowire pnjunctions. Our Aerotaxy system uses an aerosol generator for producing the catalytic seed particles, together with a growth reactor with multiple consecutive chambers for growth of material with different dopants. We show that the produced nanowire pn-junctions have excellent diode characteristics with a rectification ratio of >10 5 , an ideality factor around 2, and very promising photoresponse. Using electron beam induced current and hyperspectral cathodoluminescence, we determined the location of the pn-junction and show that the grown nanowires have high doping levels, as well as electrical properties and diffusion lengths comparable to nanowires grown using metal organic vapor phase epitaxy. Our findings demonstrate that high-quality GaAs nanowire pn-junctions can be produced using a low-cost technique suitable for mass-production, paving the way for industrialscale production of nanowire-based solar cells. KEYWORDS: Aerotaxy, nanowires, pn-junction, GaAs, electron beam induced current, hyperspectral cathodoluminescence S emiconductor nanowires are expected to be important building blocks for future electronics, light-emitting diodes (LEDs), and solar cells. 1−3 The resonant light absorption properties of nanowires give rise to light collection from an area much larger than their cross section; 4,5 a periodic nanowire array thus produces a photogenerated current equivalent to that of a planar semiconductor structure while using significantly less material. This approach has been realized successfully by several groups 6−14 with reported photovoltaic power conversion efficiencies as high as 17.8% for etched nanowires 8 and 15.3% for grown nanowires, 6 the latter with a surface area coverage of only 13%. However, producing large quantities of high-quality III−V semiconductor nanowires with conventional methods (e.g., molecular beam epitaxy or metal−organic vapor phase epitaxy) seems unfeasible, given the low throughput and high cost of these batch-based and slow epitaxial growth processes, together with the need of expensive monocrystalline substrates. It is thus important to identify and develop alternative methods to reduce production costs, especially for large-area applications such as solar cells.
Heurlin et al. addressed the cost limitations of conventional techniques by growing GaAs nanowires in an ultrafast and substrate-less Aerotaxy process. 15 This technique allows for continuous production of high-quality nanowires in the aerosol phase with very high growth rates of up to 1 μm/s, which is 20 to 1000 times higher than in traditional substrate based batch processes. 15, 16 It has also been demonstrated that Aerotaxy can be used for manufacturing ternary materials with a tunable band gap. 17 However, to realize production of nanowire-based devices such as LEDs and solar cells using this technique, a crucial prerequisite is growth of high-quality pn-junctions, which has not been demonstrated up until now.
Here we address this need, report further development of the Aerotaxy method, and demonstrate its versatility by producing GaAs nanowires with pn-junctions intended for solar cell applications. The method builds on previous work 15 by adding additional growth stages to the reactor. Electrical measurements, electron-beam induced current (EBIC), and hyperspectral cathodoluminescence (CL) revealed good diode characteristics and photoresponse, a well-defined pn-junction and high doping levels of the p-and n-sections of the produced nanowires. Our results show that it is possible to produce highquality nanowire pn-junctions with a low-cost and high-throughput technique, a big step toward industrial-scale production of large area nanowire-based solar cells. In contrast to nanowires grown from a substrate, Aerotaxy nanowires are produced in a disordered state. In order to fabricate large area solar cells, it is necessary to align the nanowires vertically with the right polarity in an array. In the Supporting Information, we show that this is possible by using an ink and demonstrate it for a 30 mm × 30 mm membrane.
In order to produce GaAs nanowires with a pn-junction, we used an Aerotaxy growth system with Au nanoparticles as catalytic seeds in a reactor with different dopants in consecutive growth chambers. We first describe the setup and operating principles of the Aerotaxy system employed and then present an evaluation of the electrical and optical properties of the nanowires produced.
The Aerotaxy system (Figure 1 ) is designed and built by Sol Voltaics and consists of two main parts: (i) an aerosol system based on conventional techniques for producing the catalytic seed particles, and (ii) an Aerotaxy growth reactor. The aerosol system contains an arc reactor for evaporation of seed particle material (Figure 1a ), a tube furnace for particle compaction (Figure 1b ), and a differential mobility analyzer (DMA) for nanoparticle size selection ( Figure 1c ). 18 Because the tool capacity is determined by the flow rate and particle density, a high-density aerosol is important for high-volume production. A seed particle concentration of 2 × 10 6 #/cm 3 with a diameter of 120 nm was used. The Aerotaxy reactor consists of an alloying chamber, followed by three growth chambers. Each growth chamber has a tunable temperature and its own precursor injection for using different materials. In the alloying chamber ( Figure 1d ), trimethylgallium (TMGa) is introduced together with diethylzinc (DEZn) to form an alloy with the seed particle. In the first growth chamber (Figure 1e ), a crystal precipitates from the seed particle, forming the first part of the p-segment of the nanowire. Only arsine (AsH 3 ) is injected whereas Ga and Zn is supplied from the alloyed seed particle. In the second growth chamber (Figure 1f ), the nanowire growth is continued by injection of TMGa and AsH 3 , further depleting the seed particle of Zn. In the last chamber ( Figure  1g ), the n-segment is grown by injection of tetramethyltin (TMSn) along with TMGa and AsH 3 . The growth temperature was 500°C with an alloying temperature of 410°C and the growth time of the nanowires was approximately 9 s. In the last step, the nanowires are collected using an electrostatic precipitator (ESP) and deposited on a Si substrate ( Figure  1h ). Note that the nanowires could be deposited onto any kind of substrate, into a filter, or a solution.
Scanning electron microscopy (SEM) images of the produced catalytic seed particles and the resulting nanowires deposited on a carrier substrate are displayed in Figure 2a ,b, respectively. The dimensions of 25 randomly selected nanowires were measured from SEM images. The average nanowire length was 4.6 μm (σ = 15%) and the average diameter was 120 nm (σ = 14%). No tapering could be observed from the SEM images, indicating that any parasitic shell growth is minimal (<10 nm).
To assess the electrical and optical properties of the produced pn-junction nanowires, a few selected nanowires were characterized with dark and light intensity-dependent current−voltage (I−V), EBIC, and hyperspectral CL measurements, all performed at room temperature. Prior to characterization, the nanowires were transferred to a Si substrate insulated with 100 nm SiO 2 and 10 nm HfO 2 . Thereafter, several nanowire devices were fabricated with four metal contacts: two contacts on the p-side and two on the n-side (Figure 2c ). This geometry was chosen to enable I−V characterization with limited influence of the contact properties. The contacts were defined to the nanowires in PMMA950A6 resist using electron beam lithography (Raith 150). Ti/Au (10/ 150 nm) was deposited using thermal evaporation and resist lift-off was done in acetone.
The I−V measurements were performed in a Cascade probe station connected to a Keithley 4200 SCS. In dark conditions, a diode characteristics with ideality factors between 1.9 and 2.0 and rectification of more than 10 5 at ±1 V were observed (Figure 3a) . To evaluate the photovoltaic properties, the current−voltage behavior of device 1 from Figure 3a was examined at different illumination intensities (Figure 3b ). The device was illuminated by a 532 nm diode laser and the light intensity controlled by a set of neutral density filters. The plotted relative intensity is normalized with respect to the greatest illumination intensity (approximately 400 mW/cm 2 ). When illuminated with the greatest intensity (i.e., relative 
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Nano Lett. 2018, 18, 1088−1092 intensity = 1), the device showed a short circuit current I SC of 29 pA (220 mA/cm 2 normalized to the nanowire cross-section area), an open circuit voltage V OC of 0.61 V and a fill factor of 48%. As expected, the I SC increased linearly with illumination intensity (Figure 3c ) and the V OC increased linearly with the logarithm of the illumination intensity (Figure 3d ). The relatively low V OC values are expected for unpassivated GaAs nanowire photovoltaics and can be attributed to the high surface recombination velocity of GaAs. 19, 20 Surface passivation is expected to increase the V OC significantly and to improve the ideality factor. The I−V curves measured under illumination show signs of a shunt resistance, possibly due to the surface states or to lateral overgrowth of n-type material forming a very thin shell over the p-region 1 . Further studies are needed to conclusively determine the cause of the shunt resistance. The electrical characteristics clearly demonstrate the existence of a pn-junction in the nanowire and that it functions as a single nanowire photovoltaic cell with promising performance. In order to spatially identify the location of the pn-junction and to study the doping concentration in the nanowires, EBIC and hyperspectral CL measurements were performed on the devices from Figure 3a in a Hitachi SU8010 SEM. The acceleration voltage was set to 5 kV, which ensured an optimal excitation volume within the nanowires, and the probe current to approximately 50 pA, which was sufficient to acquire a signal from all locations of the exposed nanowire. For the EBIC measurements, the metal contacts of the devices were contacted with micromanipulators and performed at zero bias using a Kleindiek probestation system. The CL measurements were performed under open-circuit conditions using a Delmic Sparc system, using a spectral resolution of approximately 15 nm. A superposition of the EBIC current measured along the axial direction of a wire with a panchromatic CL (PCL) and a SEM image of device 3 is shown in Figure 4a , while the corresponding EBIC and PCL intensity profiles are shown in Figure 4b . Additional EBIC data can be found in the Supporting Information. The position of the peak of the Gaussian-like EBIC profile indicates that the pn-junction was located near the middle of the wire. The decreasing tails of the profile could be fitted to single exponential curves, which revealed effective minority carrier diffusion lengths of around 70 nm for both electrons in the p-segment and holes in the nsegment. The estimated values are in good agreement with values reported in literature for unpassivated nanowires of similar diameter, grown by metal organic vapor phase epitaxy (MOVPE), 21 which indicates that the Aerotaxy process can produce nanowires with at least similar quality to MOVPE.
The PCL image in Figure 4a , which represents the integrated intensity over the range from 770 to 1030 nm of the area (indicated with a dashed rectangle) reveals that the dominating luminescence originates from the n-doped (right-hand) side of the nanowire. In contrast, the intensity remains low on the pdoped (left-hand) side. The intensity change is expected in GaAs depending on the doping type. 22 The map in Figure 4c displays the peak position wavelength at each pixel, which allows us to identify the doping type and the location of the pnjunction. On the p-doped side, the peak position was found to be redshifted compared to intrinsic GaAs, which is characteristic for p-type GaAs, whereas on the n-doped side, the peak position was blueshifted, characteristic for n-type GaAs. 22 The estimated hole concentration for the p-doped side was approximately 1 × 10 19 cm −3 . 22 In the n-segment, the peak position was found to be blueshifted from the region of the EBIC signal to the outer contact, indicating an increase in the effective electron concentration. Close to the outer contact/ exposed nanowire interface, the concentration was estimated to be approximately 2 × 10 19 cm −3 . The observation is in agreement with the intensity decrease toward the outer contact as it is known that nonradiative recombination processes starts to dominate above a certain doping concentration. 22 Note that the spatial resolution was limited by the effective diffusion length of around 70 nm.
Finally, Figure 4 also shows that there is a good agreement between EBIC and CL performed on the same nanowire. The EBIC maximum coincides with a clear shift in CL peak position and with the onset of the increase in CL intensity. The results from the EBIC and CL measurements show that there is a pnjunction located in the middle of the nanowire and that the pand n-segments are highly doped.
Because of the high p-doping level, even if a very thin (<10 nm) parasitic n-type shell is present around the p-region, our calculations show that the shell will be depleted and only have minor effect on the devices, not affecting the conclusions of this study.
In summary, we have demonstrated that nanowire-based devices with axial GaAs pn-junctions can be produced by a continuous, high-throughput and substrate-less Aerotaxy growth process. The fabrication of semiconductor nanowires was realized by using consecutive, in-line reactors to grow different segments of the nanowires. The resulting nanowires exhibited a well-defined pn-junction, high doping levels with electrical properties and diffusion lengths comparable to nanowires grown by MOVPE. Compared to MOVPE, the production costs of the Aerotaxy approach are dramatically reduced, enabling solar cell production at significantly lower costs.
We anticipate that including additional reactors to the Aerotaxy system may largely expand the range of possible device designs using Aerotaxy. In particular, the growth of more complex structures, such as shell growth for passivation, or of heterostructures could become possible. Aerotaxy is a versatile growth process with possibilities that we are only beginning to explore with the potential to play a very important role for next generations of optoelectronics.
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